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what are gravitational waves?
PART I.a



general relativity

Gµν =
8πG

c4
Tµν
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curvature   stress

spacetime is dynamic!



Spacetime tells matter how to move;  

matter tells spacetime how to curve“
”John Wheeler

general relativity

spacetime is dynamic!



Image credit: LIGO/Caltech



Image credit: U Toronto



Image credit: U Toronto

circumference ≠ 2π radius 
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what’s the effect of a GW?

gravity couples universally to all mass-energy

hence we cannot detect a constant g-field

equivalence principle

however, we can measure variations in the field 

i.e. we can measure tidal forces (grad-g)

1.

2.
tidal field

two points to consider



what’s the effect of a GW?
tidal forces



what’s the effect of a GW?
tidal forces
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wave propagates out of the screen�



wave propagates along cylinder



strain

L

ΔL

h =

∆L

L
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def



how are GWs generated?
PART I.b



Gµν =
8πG

c4
Tµν
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general relativity



an analogy  

electromagnetic field

how are GWs generated?

want a time-varying source that produces a ~1/r radiative field

Edip ∼

P

r3
,

Ṗ

r2
,

P̈

r
dipole does work

Pedagogy credit: T. Creighton

Emon ∼

Q

r2
,

Q̇

r
monopole doesn’t work

charge
conserved⊕

⊕ ⊖

here r is the distance to the observer



gravitational tidal field

how are GWs generated?

want a time-varying source that produces a ~1/r radiative field

Pedagogy credit: T. Creighton

monopole doesn’t work g0
mon

∼

M

r3
,

Ṁ

r2
mass

conserved

dipole doesn’t work g0dip ∼

P

r4
,

Ṗ

r3
,

P̈

r2
momentum
conserved

quadrupole does work g0quad ∼

I

r5
,

İ

r4
,

Ï

r3
,

...

I

r2
,

....

I

r
⊕

⊖

⊕

⊖

here r is the distance to the observer



binary system



more mass
closer together

more GWs!

m1

m2
r

R
strain

radiated  
power

|h| ∝
1

R

m1m2

r
<latexit sha1_base64="1Ndx0CfWnqeXlUDkHhD6d0Q7IT0=">AAACHnicjZDLSsNAFIYnXmu9RV26GSyCiJSkCLosuHFZpTdoQphMJu3QSTLMTAolzTv4CD6FW125E7e68F2cplmoKPjDgZ/zn8OZ+XzOqFSW9W4sLa+srq1XNqqbW9s7u+beflcmqcCkgxOWiL6PJGE0Jh1FFSN9LgiKfEZ6/vhqnvcmREiaxG015cSN0DCmIcVI6ZZnns5GM+hwkXCVQCcUCGd2nt3mpYeRZ+tq5JnIPbNm161C8G9TA6VanvnhBAlOIxIrzJCUA9viys2QUBQzkledVBKO8BgNyUDbGEVEngUTymVh3az4Xg6PdRjAMBG6YgWL7tflDEVSTiNfT0ZIjeTPbN78LRukKrx0MxrzVJEYLw6FKYMaxZwVDKggWLGpNggLqp8N8QhpLkoTrf6PR7dRt626fXNea7ZLMhVwCI7ACbDBBWiCa9ACHYDBHXgAj+DJuDeejRfjdTG6ZJQ7B+CbjLdPRt6izA==</latexit><latexit sha1_base64="1Ndx0CfWnqeXlUDkHhD6d0Q7IT0=">AAACHnicjZDLSsNAFIYnXmu9RV26GSyCiJSkCLosuHFZpTdoQphMJu3QSTLMTAolzTv4CD6FW125E7e68F2cplmoKPjDgZ/zn8OZ+XzOqFSW9W4sLa+srq1XNqqbW9s7u+beflcmqcCkgxOWiL6PJGE0Jh1FFSN9LgiKfEZ6/vhqnvcmREiaxG015cSN0DCmIcVI6ZZnns5GM+hwkXCVQCcUCGd2nt3mpYeRZ+tq5JnIPbNm161C8G9TA6VanvnhBAlOIxIrzJCUA9viys2QUBQzkledVBKO8BgNyUDbGEVEngUTymVh3az4Xg6PdRjAMBG6YgWL7tflDEVSTiNfT0ZIjeTPbN78LRukKrx0MxrzVJEYLw6FKYMaxZwVDKggWLGpNggLqp8N8QhpLkoTrf6PR7dRt626fXNea7ZLMhVwCI7ACbDBBWiCa9ACHYDBHXgAj+DJuDeejRfjdTG6ZJQ7B+CbjLdPRt6izA==</latexit><latexit sha1_base64="Zrmjlovw3p5Y35TZBu3l/N4lo5E=">AAACHnicdZDLSsNAFIYnXmu9RV26GSyCiJSkCLosuHFZpTdoSphMJu3QSTLMTAolzTv4CD6FW125E7e68F2cpil4/eHAz/nPYeZ8HmdUKst6N5aWV1bX1ksb5c2t7Z1dc2+/LeNEYNLCMYtF10OSMBqRlqKKkS4XBIUeIx1vdDXLO2MiJI2jpppw0g/RIKIBxUjplmueTodT6HARcxVDJxAIp3aW3maFh6Fr66plqchcs2JXrVzwf1MBhRqu+eH4MU5CEinMkJQ92+KqnyKhKGYkKzuJJBzhERqQnrYRCok888eUy9z20/y8DB7r0IdBLHRFCubdr8spCqWchJ6eDJEayp/ZrPlX1ktUcNlPacQTRSI8fyhIGNQoZqygTwXBik20QVhQ/W2Ih0hzUZpoWfOwFtf/Ngse7VrVtqr2zXml3izIlMAhOAInwAYXoA6uQQO0AAZ34AE8gifj3ng2XozX+eiSUewcgG8y3j4BRYiiyQ==</latexit><latexit sha1_base64="Zrmjlovw3p5Y35TZBu3l/N4lo5E=">AAACHnicdZDLSsNAFIYnXmu9RV26GSyCiJSkCLosuHFZpTdoSphMJu3QSTLMTAolzTv4CD6FW125E7e68F2cpil4/eHAz/nPYeZ8HmdUKst6N5aWV1bX1ksb5c2t7Z1dc2+/LeNEYNLCMYtF10OSMBqRlqKKkS4XBIUeIx1vdDXLO2MiJI2jpppw0g/RIKIBxUjplmueTodT6HARcxVDJxAIp3aW3maFh6Fr66plqchcs2JXrVzwf1MBhRqu+eH4MU5CEinMkJQ92+KqnyKhKGYkKzuJJBzhERqQnrYRCok888eUy9z20/y8DB7r0IdBLHRFCubdr8spCqWchJ6eDJEayp/ZrPlX1ktUcNlPacQTRSI8fyhIGNQoZqygTwXBik20QVhQ/W2Ih0hzUZpoWfOwFtf/Ngse7VrVtqr2zXml3izIlMAhOAInwAYXoA6uQQO0AAZ34AE8gifj3ng2XozX+eiSUewcgG8y3j4BRYiiyQ==</latexit><latexit sha1_base64="Zrmjlovw3p5Y35TZBu3l/N4lo5E=">AAACHnicdZDLSsNAFIYnXmu9RV26GSyCiJSkCLosuHFZpTdoSphMJu3QSTLMTAolzTv4CD6FW125E7e68F2cpil4/eHAz/nPYeZ8HmdUKst6N5aWV1bX1ksb5c2t7Z1dc2+/LeNEYNLCMYtF10OSMBqRlqKKkS4XBIUeIx1vdDXLO2MiJI2jpppw0g/RIKIBxUjplmueTodT6HARcxVDJxAIp3aW3maFh6Fr66plqchcs2JXrVzwf1MBhRqu+eH4MU5CEinMkJQ92+KqnyKhKGYkKzuJJBzhERqQnrYRCok888eUy9z20/y8DB7r0IdBLHRFCubdr8spCqWchJ6eDJEayp/ZrPlX1ktUcNlPacQTRSI8fyhIGNQoZqygTwXBik20QVhQ/W2Ih0hzUZpoWfOwFtf/Ngse7VrVtqr2zXml3izIlMAhOAInwAYXoA6uQQO0AAZ34AE8gifj3ng2XozX+eiSUewcgG8y3j4BRYiiyQ==</latexit><latexit sha1_base64="Zrmjlovw3p5Y35TZBu3l/N4lo5E=">AAACHnicdZDLSsNAFIYnXmu9RV26GSyCiJSkCLosuHFZpTdoSphMJu3QSTLMTAolzTv4CD6FW125E7e68F2cpil4/eHAz/nPYeZ8HmdUKst6N5aWV1bX1ksb5c2t7Z1dc2+/LeNEYNLCMYtF10OSMBqRlqKKkS4XBIUeIx1vdDXLO2MiJI2jpppw0g/RIKIBxUjplmueTodT6HARcxVDJxAIp3aW3maFh6Fr66plqchcs2JXrVzwf1MBhRqu+eH4MU5CEinMkJQ92+KqnyKhKGYkKzuJJBzhERqQnrYRCok888eUy9z20/y8DB7r0IdBLHRFCubdr8spCqWchJ6eDJEayp/ZrPlX1ktUcNlPacQTRSI8fyhIGNQoZqygTwXBik20QVhQ/W2Ih0hzUZpoWfOwFtf/Ngse7VrVtqr2zXml3izIlMAhOAInwAYXoA6uQQO0AAZ34AE8gifj3ng2XozX+eiSUewcgG8y3j4BRYiiyQ==</latexit>

ĖGW ∝ −

(m1m2)
2(m1 +m2)

r5
<latexit sha1_base64="f6+amN7huWXvlA7PqBIQWlGNYX0="></latexit><latexit sha1_base64="f6+amN7huWXvlA7PqBIQWlGNYX0="></latexit><latexit sha1_base64="+royZ11LVH5LQ/upcVDCPykZlJo="></latexit><latexit sha1_base64="+royZ11LVH5LQ/upcVDCPykZlJo="></latexit><latexit sha1_base64="+royZ11LVH5LQ/upcVDCPykZlJo="></latexit><latexit sha1_base64="+royZ11LVH5LQ/upcVDCPykZlJo="></latexit>

binary system



binary system

strain one light-year away

power emitted in GWs

an example

|h| ∼ 10
−26

<latexit sha1_base64="ciphDQ2kILny93gEPRdZoE2Qo1Y=">AAACBXicjVA9SwNBEJ3zM8avi5Y2i0Gw0HAXRC0DNpYR8gXJGfb2NsmS3btjdy8SLqn9FbZa2Ymtv8PC/+LmkkJFwQcDj/dmmJnnx5wp7Tjv1tLyyuraem4jv7m1vbNrF/YaKkokoXUS8Ui2fKwoZyGta6Y5bcWSYuFz2vSHVzO/OaJSsSis6XFMPYH7IesxgrWRunZhMpigjmICuc5telo+n3btoltyMqC/SREWqHbtj04QkUTQUBOOlWq7Tqy9FEvNCKfTfCdRNMZkiPu0bWiIBVUnwYjFKqNemn0xRUfGDFAvkqZCjTL163CKhVJj4ZtOgfVA/fRm4m9eO9G9Sy9lYZxoGpL5ol7CkY7QLBIUMEmJ5mNDMJHMnI3IAEtMtAku/788GuWS65Tcm7NipbZIJgcHcAjH4MIFVOAaqlAHAnfwAI/wZN1bz9aL9TpvXbIWM/vwDdbbJ6qPl6M=</latexit><latexit sha1_base64="ciphDQ2kILny93gEPRdZoE2Qo1Y=">AAACBXicjVA9SwNBEJ3zM8avi5Y2i0Gw0HAXRC0DNpYR8gXJGfb2NsmS3btjdy8SLqn9FbZa2Ymtv8PC/+LmkkJFwQcDj/dmmJnnx5wp7Tjv1tLyyuraem4jv7m1vbNrF/YaKkokoXUS8Ui2fKwoZyGta6Y5bcWSYuFz2vSHVzO/OaJSsSis6XFMPYH7IesxgrWRunZhMpigjmICuc5telo+n3btoltyMqC/SREWqHbtj04QkUTQUBOOlWq7Tqy9FEvNCKfTfCdRNMZkiPu0bWiIBVUnwYjFKqNemn0xRUfGDFAvkqZCjTL163CKhVJj4ZtOgfVA/fRm4m9eO9G9Sy9lYZxoGpL5ol7CkY7QLBIUMEmJ5mNDMJHMnI3IAEtMtAku/788GuWS65Tcm7NipbZIJgcHcAjH4MIFVOAaqlAHAnfwAI/wZN1bz9aL9TpvXbIWM/vwDdbbJ6qPl6M=</latexit><latexit sha1_base64="x0Ti6RWzTE5b6PaVrJqgKvcjiw8=">AAACBXicdVDLSgMxFM34rPU11aWbYBFcaJkpoi4LblxW6AvasWQymTY0yQxJplKmXfsVbnXlTtz6HS78F9NpCz4PXDiccy/33uPHjCrtOO/W0vLK6tp6biO/ubW9s2sX9hoqSiQmdRyxSLZ8pAijgtQ11Yy0YkkQ9xlp+oOrqd8cEqloJGp6FBOPo56gIcVIG6lrF8b9MewoyqHr3Kan5fNJ1y66JScD/J8UwRzVrv3RCSKccCI0ZkiptuvE2kuR1BQzMsl3EkVihAeoR9qGCsSJOgmGNFYZ9dLsiwk8MmYAw0iaEhpm6tfhFHGlRtw3nRzpvvrpTcW/vHaiw0svpSJONBF4tihMGNQRnEYCAyoJ1mxkCMKSmrMh7iOJsDbB5U0ezuL732SRR6Nccp2Se3NWrNTmyeTAATgEx8AFF6ACrkEV1AEGd+ABPIIn6956tl6s11nrkjWf2QffYL19Aqk5l6A=</latexit><latexit sha1_base64="x0Ti6RWzTE5b6PaVrJqgKvcjiw8=">AAACBXicdVDLSgMxFM34rPU11aWbYBFcaJkpoi4LblxW6AvasWQymTY0yQxJplKmXfsVbnXlTtz6HS78F9NpCz4PXDiccy/33uPHjCrtOO/W0vLK6tp6biO/ubW9s2sX9hoqSiQmdRyxSLZ8pAijgtQ11Yy0YkkQ9xlp+oOrqd8cEqloJGp6FBOPo56gIcVIG6lrF8b9MewoyqHr3Kan5fNJ1y66JScD/J8UwRzVrv3RCSKccCI0ZkiptuvE2kuR1BQzMsl3EkVihAeoR9qGCsSJOgmGNFYZ9dLsiwk8MmYAw0iaEhpm6tfhFHGlRtw3nRzpvvrpTcW/vHaiw0svpSJONBF4tihMGNQRnEYCAyoJ1mxkCMKSmrMh7iOJsDbB5U0ezuL732SRR6Nccp2Se3NWrNTmyeTAATgEx8AFF6ACrkEV1AEGd+ABPIIn6956tl6s11nrkjWf2QffYL19Aqk5l6A=</latexit><latexit sha1_base64="x0Ti6RWzTE5b6PaVrJqgKvcjiw8=">AAACBXicdVDLSgMxFM34rPU11aWbYBFcaJkpoi4LblxW6AvasWQymTY0yQxJplKmXfsVbnXlTtz6HS78F9NpCz4PXDiccy/33uPHjCrtOO/W0vLK6tp6biO/ubW9s2sX9hoqSiQmdRyxSLZ8pAijgtQ11Yy0YkkQ9xlp+oOrqd8cEqloJGp6FBOPo56gIcVIG6lrF8b9MewoyqHr3Kan5fNJ1y66JScD/J8UwRzVrv3RCSKccCI0ZkiptuvE2kuR1BQzMsl3EkVihAeoR9qGCsSJOgmGNFYZ9dLsiwk8MmYAw0iaEhpm6tfhFHGlRtw3nRzpvvrpTcW/vHaiw0svpSJONBF4tihMGNQRnEYCAyoJ1mxkCMKSmrMh7iOJsDbB5U0ezuL732SRR6Nccp2Se3NWrNTmyeTAATgEx8AFF6ACrkEV1AEGd+ABPIIn6956tl6s11nrkjWf2QffYL19Aqk5l6A=</latexit><latexit sha1_base64="x0Ti6RWzTE5b6PaVrJqgKvcjiw8=">AAACBXicdVDLSgMxFM34rPU11aWbYBFcaJkpoi4LblxW6AvasWQymTY0yQxJplKmXfsVbnXlTtz6HS78F9NpCz4PXDiccy/33uPHjCrtOO/W0vLK6tp6biO/ubW9s2sX9hoqSiQmdRyxSLZ8pAijgtQ11Yy0YkkQ9xlp+oOrqd8cEqloJGp6FBOPo56gIcVIG6lrF8b9MewoyqHr3Kan5fNJ1y66JScD/J8UwRzVrv3RCSKccCI0ZkiptuvE2kuR1BQzMsl3EkVihAeoR9qGCsSJOgmGNFYZ9dLsiwk8MmYAw0iaEhpm6tfhFHGlRtw3nRzpvvrpTcW/vHaiw0svpSJONBF4tihMGNQRnEYCAyoJ1mxkCMKSmrMh7iOJsDbB5U0ezuL732SRR6Nccp2Se3NWrNTmyeTAATgEx8AFF6ACrkEV1AEGd+ABPIIn6956tl6s11nrkjWf2QffYL19Aqk5l6A=</latexit>

|ĖGW| ∼ 200 W
<latexit sha1_base64="EFkB/6BdNSx2BWZwwcn8Cok80C8=">AAACF3icjVBPS8MwHE3nvzn/TT16CQ7Bg4x2CHociOhxwrYO1jHSNN3CkrQk6WB09e5H8FN41ZM38erRg9/FrNtBRcEHgcd77/dL8vyYUaVt+90qLC2vrK4V10sbm1vbO+XdvbaKEolJC0cskh0fKcKoIC1NNSOdWBLEfUZcf3Qx890xkYpGoqknMelxNBA0pBhpI/XLlakXRDq9zPqpJzm8crMp9BTlsGbbt7nkZiblVO0c8G9SAQs0+uUPsxQnnAiNGVKq69ix7qVIaooZyUpeokiM8AgNSNdQgThRJ8GYxiqnvTT/VwaPjBnAMJLmCA1z9etwirhSE+6bJEd6qH56M/E3r5vo8LyXUhEnmgg8vyhMGNQRnJUEAyoJ1mxiCMKSmmdDPEQSYW2qLP2vj3at6thV5+a0Um8umimCA3AIjoEDzkAdXIMGaAEM7sADeARP1r31bL1Yr/NowVrM7INvsN4+ATm6n40=</latexit><latexit sha1_base64="EFkB/6BdNSx2BWZwwcn8Cok80C8=">AAACF3icjVBPS8MwHE3nvzn/TT16CQ7Bg4x2CHociOhxwrYO1jHSNN3CkrQk6WB09e5H8FN41ZM38erRg9/FrNtBRcEHgcd77/dL8vyYUaVt+90qLC2vrK4V10sbm1vbO+XdvbaKEolJC0cskh0fKcKoIC1NNSOdWBLEfUZcf3Qx890xkYpGoqknMelxNBA0pBhpI/XLlakXRDq9zPqpJzm8crMp9BTlsGbbt7nkZiblVO0c8G9SAQs0+uUPsxQnnAiNGVKq69ix7qVIaooZyUpeokiM8AgNSNdQgThRJ8GYxiqnvTT/VwaPjBnAMJLmCA1z9etwirhSE+6bJEd6qH56M/E3r5vo8LyXUhEnmgg8vyhMGNQRnJUEAyoJ1mxiCMKSmmdDPEQSYW2qLP2vj3at6thV5+a0Um8umimCA3AIjoEDzkAdXIMGaAEM7sADeARP1r31bL1Yr/NowVrM7INvsN4+ATm6n40=</latexit><latexit sha1_base64="5V6rtmr0D1GYNhDsYGnqDC1a5Ao=">AAACF3icdVDNS8MwHE3n15xfU49egkPwIKMdgh4HInqcsK2DtYw0TbewpC1JOhhdvfsn+Fd41ZM38erRg/+LWbeBnw8Cj/feL8nveTGjUpnmu1FYWl5ZXSuulzY2t7Z3yrt7bRklApMWjlgkOh6ShNGQtBRVjHRiQRD3GLG94cXUt0dESBqFTTWOictRP6QBxUhpqVeuTBw/Uull1ksdweGVnU2gIymHNdO8zSU70ymrauaA/5MKmKPRK3/oS3HCSagwQ1J2LTNWboqEopiRrOQkksQID1GfdDUNESfyxB/RWObUTfO9MnikTR8GkdAnVDBXvw6niEs55p5OcqQG8qc3Ff/yuokKzt2UhnGiSIhnDwUJgyqC05KgTwXBio01QVhQ/W2IB0ggrHSVJd2Hudj+N1n00a5VLbNq3ZxW6s15M0VwAA7BMbDAGaiDa9AALYDBHXgAj+DJuDeejRfjdRYtGPOZffANxtsnOGSfig==</latexit><latexit sha1_base64="5V6rtmr0D1GYNhDsYGnqDC1a5Ao=">AAACF3icdVDNS8MwHE3n15xfU49egkPwIKMdgh4HInqcsK2DtYw0TbewpC1JOhhdvfsn+Fd41ZM38erRg/+LWbeBnw8Cj/feL8nveTGjUpnmu1FYWl5ZXSuulzY2t7Z3yrt7bRklApMWjlgkOh6ShNGQtBRVjHRiQRD3GLG94cXUt0dESBqFTTWOictRP6QBxUhpqVeuTBw/Uull1ksdweGVnU2gIymHNdO8zSU70ymrauaA/5MKmKPRK3/oS3HCSagwQ1J2LTNWboqEopiRrOQkksQID1GfdDUNESfyxB/RWObUTfO9MnikTR8GkdAnVDBXvw6niEs55p5OcqQG8qc3Ff/yuokKzt2UhnGiSIhnDwUJgyqC05KgTwXBio01QVhQ/W2IB0ggrHSVJd2Hudj+N1n00a5VLbNq3ZxW6s15M0VwAA7BMbDAGaiDa9AALYDBHXgAj+DJuDeejRfjdRYtGPOZffANxtsnOGSfig==</latexit><latexit sha1_base64="5V6rtmr0D1GYNhDsYGnqDC1a5Ao=">AAACF3icdVDNS8MwHE3n15xfU49egkPwIKMdgh4HInqcsK2DtYw0TbewpC1JOhhdvfsn+Fd41ZM38erRg/+LWbeBnw8Cj/feL8nveTGjUpnmu1FYWl5ZXSuulzY2t7Z3yrt7bRklApMWjlgkOh6ShNGQtBRVjHRiQRD3GLG94cXUt0dESBqFTTWOictRP6QBxUhpqVeuTBw/Uull1ksdweGVnU2gIymHNdO8zSU70ymrauaA/5MKmKPRK3/oS3HCSagwQ1J2LTNWboqEopiRrOQkksQID1GfdDUNESfyxB/RWObUTfO9MnikTR8GkdAnVDBXvw6niEs55p5OcqQG8qc3Ff/yuokKzt2UhnGiSIhnDwUJgyqC05KgTwXBio01QVhQ/W2IB0ggrHSVJd2Hudj+N1n00a5VLbNq3ZxW6s15M0VwAA7BMbDAGaiDa9AALYDBHXgAj+DJuDeejRfjdRYtGPOZffANxtsnOGSfig==</latexit><latexit sha1_base64="5V6rtmr0D1GYNhDsYGnqDC1a5Ao=">AAACF3icdVDNS8MwHE3n15xfU49egkPwIKMdgh4HInqcsK2DtYw0TbewpC1JOhhdvfsn+Fd41ZM38erRg/+LWbeBnw8Cj/feL8nveTGjUpnmu1FYWl5ZXSuulzY2t7Z3yrt7bRklApMWjlgkOh6ShNGQtBRVjHRiQRD3GLG94cXUt0dESBqFTTWOictRP6QBxUhpqVeuTBw/Uull1ksdweGVnU2gIymHNdO8zSU70ymrauaA/5MKmKPRK3/oS3HCSagwQ1J2LTNWboqEopiRrOQkksQID1GfdDUNESfyxB/RWObUTfO9MnikTR8GkdAnVDBXvw6niEs55p5OcqQG8qc3Ff/yuokKzt2UhnGiSIhnDwUJgyqC05KgTwXBio01QVhQ/W2IB0ggrHSVJd2Hudj+N1n00a5VLbNq3ZxW6s15M0VwAA7BMbDAGaiDa9AALYDBHXgAj+DJuDeejRfjdRYtGPOZffANxtsnOGSfig==</latexit> ve

ry 

wea
k!



Gµν =
8πG

c4
Tµν
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general relativity



general relativity

Gµν =
8πG

c4
Tµν
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curvature   stress

spacetime is very hard to bend!
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(in SI units)



the detectors
PART II.a

(LIGO & Virgo)



Laser Interferometer Gravitational-wave Observatory

Image credit: K. Staats



Image credit: LIGO
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Video credit: LIGO/T. Pyle
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Video credit: K. Staats



Video credit: K. Staats



Image credit: R. Adhikari

our bane:  

noise!



Image credit: LIGO/D. Shoemaker



the detections
PART II.b



Video credit: LIGO
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distance ~400 Mpc

total initial mass ~63 M⊙

total final mass ~60 M⊙

maximum speed ~0.6 c

maximum power ~3.6 x 1056  erg s-1



gravitational waves exist!

black-hole binaries exist

there exist heavy stellar-mass black holes

they don’t spin too fast

what did we learn

consistent with general relativity

… G
W
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Image credit: LIGO/Vurgo/F. Elavsky/Northwestern

LIGO and Virgo detections to date

10 black-hole pairs

1 neutron-star pair

GWTC-1 detection catalog [arXiv:1811.12907]



masses and spins
components remnant

(contours indicate 90%-credible region)
[arXiv:1811.12907]



masses and spins
component spins

(violin plots summarize 1D posteriors on effective spin; “aligned” refers to orbital angular momentum)

fast 
aligned

slow

fast 
anti-aligned

[arXiv:1811.12907]



Video credit: NASA Goddard



LIGO/Virgo/NASA/Leo Singer 

(Milky Way image: Axel Mellinger)
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multimessenger  
astronomy

agreements with  
95 observatories

GWs x/γ-ray

visible/infrared radio neutrinos

~200 EM instruments



GW170817

Credit: LIGO Virgo

LIGO Livingston data



NS mergers cause (short) γ-ray bursts

tests of equivalence principle

Hubble constant measurement

constraints on NS equation of state

what did we learn

first direct limits on the speed of GWs
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scientific potential of GWs
studying stellar and galaxy evolution

testing general relativity

understanding the nature of black-holes  
(or their mimickers)

resolving tensions in cosmology

learning about nuclear matter

probing dark matter
… 

some of the



the future
PART III



more sources!

supernovae pulsars stochastic background

Credit: C. Ott / C. Reed / OzGrav

and perhaps something more exotic? expect Nature to surprise us!

there’s more out there than BH and NS mergers



observation timeline

Abbott et al. doi:10.1007/s41114-018-0012-9

binary 
NS range



sky location to improve
LIGO + Virgo + LIGO India + KAGRA

Abbott et al. doi:10.1007/s41114-018-0012-9

(projected)



Possible U.S. timeline

R&D for next-gen: 40 km facility, tech scale-up Cosmic Explorer

R&D: cryo, silicon Voyager

R&D for A+ A+

aLIGO

time
2010s 2020s 2030s 2040s

(Cf. Europe)

10 km facility:

Einstein Telesc
ope

AdVir
go+

AdVir
go
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future US detectors

*possible timeline Credit: Evan Hall



Einstein Telescope (EU) Cosmic Explorer (US)

3G concepts
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this is just the beginning!



our data are public!

gw-openscience.org
LIGO was constructed by the California Institute of Technology and Massachusetts Institute of Technology with funding from the National Science Foundation and operates under cooperative agreement PHY-0757058
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Near-term upgrades: A+ and AdVirgo+

∼5 year time scale

Modest upgrades to aligo and AdVirgo:

Heavier test masses

Better mirror coatings

Suspension modifications

Frequency-dependent squeezing

Newtonian noise subtraction (AdVirgo+ only)

∼1.7 strain improvement⇒ ∼5 rate improvement for A+
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Courtesy: Evan Hall

(AdVirgo+ only)

(AdVirgo+ only)



Voyager: a next-gen detector in the ligo facilities
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N. Smith et al., Cold voyage, tech. rep. G1500312 (LIGO, 2015)
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Courtesy: Evan Hall



Einstein Telescope (2)
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Facility:

10-km triangle to be
placed underground
in Europe

Instrument:

Three pairs of
detectors: in each pair,
one room temperature
and one cryogenic

Network:

Get good scientific
output even if no other
next-generation facility
is built
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Courtesy: Evan Hall



Cosmic Explorer (2)
Facility:

A 40 km L-shaped facility to be placed either on the
Earth’s surface or underground

Instrument:

One Michelson interferometer to achieve design
sensitivity

If Voyager technology is mature: use cryogenic silicon

Otherwise: fall back to aligo technology (with a slight
sensitivity penalty)

Network:

Not a stand-alone instrument: intended to operate as
part of a global network
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Courtesy: Evan Hall


